Muon-spin rotation (µSR) experiments are often used to study the magnetic field distribution in type-II superconductors in the vortex state. Based on the determination of the magnetic penetration depth it is frequently speculated-also controversially-about the order-parameter symmetry of the studied superconductors. This article reports on a combined µSR and magnetization study of the mixed state in the cuprate high-temperature superconductor La1.83Sr0.17CuO4 in a low magnetic field of 20 mT applied along the c axis of a single crystal. The macroscopic magnetization measurements reveal substantial differences for various cooling procedures. Yet, indicated changes in the vortex dynamics between different temperature regions as well as the results of the microscopic µSR experiments are virtually independent of the employed cooling cycles. Additionally, it is found that the mean magnetic flux density, locally probed by the muons, strongly increases at low temperatures. This can possibly be explained by a non-random sampling of the spatial field distribution of the vortex lattice in this cuprate superconductor caused by intensified vortex pinning.
I. INTRODUCTION
The muon-spin rotation (µSR) technique is a powerful tool to study the local magnetic field distribution in solids.
1 It is also successfully employed to gain valuable information on type-II superconductors by probing the magnetic field distribution P (B) generated by a vortex lattice (for a review mostly regarding cuprate hightemperature superconductors, see, e. g. Ref. 2) . If the vortex-lattice configuration is ordered and static, from the obtained P (B) the characteristic length scales of the superconductor like the magnetic penetration depth λ or with reservations the Ginzburg-Landau coherence length ξ can be extracted in a reliable way. However, the vortex arrangement in cuprate superconductors is commonly not an ideal static two-dimensional hexagonal flux-line lattice. Individual vortices are always subject to displacements due to pinning, e. g. at grain boundaries or lattice defects. Also either thermal or quantum fluctuations introduce dynamics and may cause a reordering and relaxation of a non-equilibrium vortex lattice. Reviews on this subject can be found, e. g. in Refs. 3 and 4. The presence of those imperfections changes the µSR field distributions: while weak random pinning leads to a symmetric broadening of P (B), 5 thermal fluctuations might even change the observed asymmetry of the lineshape as seen in the example of the vortex-lattice melting in the Bi 2 Sr 2 CaCu 2 O 8+δ compound. 6 Moreover, the lineshape asymmetry has also been found to depend on three-body correlations between the vortices as seen in the so-called "vortex-glass state" in La 1.9 Sr 0.1 CuO 4 . Therefore, in order to obtain accurate information on the superconducting-state parameters, it is preferable to complement transverse-field (TF) µSR measurements in the mixed state by investigations using other experimental techniques. Here, we report on combined TF µSR and magnetization studies of the mixed state of a La 1.83 Sr 0.17 CuO 4 single crystal in a low magnetic field of µ 0 H = 20 mT applied parallel to the c axis of the crystal. A detailed analysis shows that although the measurements are not susceptible to small variations in the order-parameter symmetry, the data can be overall consistently described by taking into account a single energy gap in the quasiparticle excitation spectrum with d x 2 −y 2 symmetry and a change in the sampling of the spatial field distributions by the muons due to vortex-pinning effects.
II. EXPERIMENTAL DETAILS
A cylindrical La 1.83 Sr 0.17 CuO 4 single crystal with a diameter of 5.5 mm and a height of 10 mm was used for the µSR studies. The crystal was grown by the travellingsolvent floating-zone technique similar to the one reported in Ref. 8 . The subsequent characterization by Laue X-ray diffraction showed the c axis pointing perpendicular to the cylinder axis. X-ray powder diffraction on a sample of the same batch indicated a single crystalline phase. The magnetization studies have been carried out in a Quantum Design 5T MPMS SQUID magnetometer on a small piece of approximate dimensions 5×4×2 mm 3 of the same batch with the c axis along the shortest edge of the sample. The critical temperature T c is about 37 K (cf. Fig. 1 ). The magnetization measurements in a magnetic field in the range from a few millitesla up to several tesla applied parallel to the c axis of the crystal were performed using different field-cooling (FC) procedures: (i) fast cooling from above T c to T = 5 K with a high rate of ≈ −20 K/min and measuring during warming up the sample (FFCW), (ii) slow cooling from above T c to T = 5 K with a low rate of ≈ −0.7 K/min and measuring during this cooling (SFCC), and (iii) measuring during warming up from the slowly field-cooled state obtained through (ii) (SFCW). The µSR experiments with magnetic fields up to 20 mT applied along the c axis were performed at the GPS spectrometer at the πM3 beam line at the Swiss Muon Source at the Paul Scherrer Institute. 9 The used helium flow cryostat allows to cool the sample from T = 50 K to T = 1.6 K in about two minutes at the maximum cooling rate. It is therefore possible to do the µSR measurements using equivalent cooling procedures as for the magnetization studies. It should also be noted that the ratio of the sample dimensions parallel and perpendicular to the magnetic field has been similar for the magnetization and the µSR measurements. Thus, the demagnetization effects on the respective samples are similar for both studies and overall small due to the small absolute value of the susceptibility in the field-cooled mixed state. For the µSR experiments spin-polarized positively charged muons with an energy of ∼ 4 MeV are implanted into the sample and thermalize. The spin ensemble interacts with its local environment until the muons decay (τ µ = 2.197 µs) and emit the formed positrons preferentially in the direction of the muon spin at the time of decay. Thus, by detecting the muons at their implantation time and the positrons after the decay the temporal evolution of the muon-spin polarization in a sample may be recorded and by that information about the local environment of the muons is obtained. In a static local magnetic field B loc with a non-zero component perpendicular to the muon spins, these undergo a Larmor precession with a frequency ω = γ µ B loc , where γ µ = 2π × 135.54 MHz/T is the gyromagnetic ratio of the muon. In a homogeneous transverse field the measured field distribution would therefore ideally be a Dirac δ function, whereas P (B) has a finite width when spatially inhomogeneous fields are probed by the muons. In case the local fields within the mixed state of a type-II superconductor are sampled, this leads to a λ-and ξ-dependent characteristic asymmetric P (B) with a "highfield tail" originating from contributions of muons stopping in and close to the vortex cores. 5 Further details concerning the analysis of these field distributions are introduced in Sec. IV; more information on µSR techniques in general can be found in Ref. 10 .
III. MAGNETIZATION STUDIES OF
La1.83Sr0.17CuO4
The magnetization measurements in an applied magnetic field of 20 mT are presented in Fig. 1 . The overall diamagnetic signals exhibit certain peculiarities. While the slowly cooled SFCW data represent the mag- netization curve of a rather equilibrated mixed state, the fast cooled FFCW measurement shows an initial low-temperature magnetization which deviates from the SFCW curve, reflecting a fairly undefined vortex configuration obtained by this cooling procedure. In contrast, the SFCC data show a hump below T ≈ 35 K. The field-cooled magnetization of type-II superconductors during cooling (FCC) and during warming (FCW) were examined theoretically by Clem and Hao.
11 They demonstrated that the important parameters in analyzing the irreversible behavior of the low-field dc susceptibilities are the critical current density, the sample dimensions, and the lower critical field H c1 . However, the theoretical model developed in Ref. 11 is subject to various simplifications and cannot be directly adapted to the curves presented in Fig. 1 . Nevertheless, the detected hysteresis between the cooling and warming measurements is readily explained by differences in the flux expulsion and reentering in the presence of vortex pinning.
11
In order to elucidate the origin of the distinct observations in the case that the sample is cooled very fast, the magnetization relaxation of the FFCW and SFCC mixed states was studied over a time of about six hours for various temperatures between T = 5 K and T c as depicted in Fig. 2 . It is seen that for temperatures below about 10 K the vortex configuration hardly relaxes at all. For higher temperatures the magnetization returns to the "equilibrium one" with a maximum in the relaxation rate between about 20 K and 25 K which decreases again for temperatures above. Figure 3 shows the relaxation rate, defined as the slope of the measured magnetic moment in Fig. 2 for times t > 8100 s. The vortex relaxation for FFCW and SFCC is similar for both studied situations. The small observed differences in the relaxation rates seem to be merely related to the differing initial conditions. Even though a fully quantitative analysis of the vortex relaxation is beyond the scope of this article, the low-field flux-line dynamics appears to be different in at least the three temperature regions described before. A similar behavior is found in Bi 2 Sr 2 CaCu 2 O 8+δ where especially in a low magnetic field different vortex-pinning regimes have been identified. 12 Yet, La 1.83 Sr 0.17 CuO 4 is far less anisotropic than Bi 2 Sr 2 CaCu 2 O 8+δ and the more three-dimensional vortex structure is dominated by Josephson coupling rather than electromagnetic coupling. Thus, the pinning of individual "vortex pancakes" like in Bi 2 Sr 2 CaCu 2 O 8+δ at low temperatures appears unlikely. However, the overall observed magnetization relaxation still suggests a crossover between distinct vortex-pinning scenarios also in La 1.83 Sr 0.17 CuO 4 . It should be noted as well that the applied field of only 20 mT at low temperatures is smaller than µ 0 H c c1 in almost optimally doped La 1.83 Sr 0.17 CuO 4 .
13 As can be seen in Fig. 1 this does not affect the macroscopic "equilibrium magnetization", yet, the complete loss of dynamics for T < 10 K might reflect the "final freeze-in" of the flux distribution at about the temperature where µ 0 H c c1 ≈ 20 mT.
Similar differences between FCC and FCW magnetization data have also been observed for other applied fields (with slightly shifted temperature intervals). However, previous µSR experiments on a single crystal of La 1.83 Sr 0.17 CuO 4 14 have shown that the field of 20 mT is high enough to introduce a sufficient amount of vortices in the material which generate the characteristic magnetic-field distribution in the type-II superconductor. Therefore, the magnitude of the applied field has also been chosen to be 20 mT for the present study. In the following it shall be investigated how the µSR results change for the various vortex configurations studied above.
IV. µSR STUDIES OF La1.83Sr0.17CuO4
For the initial µSR studies the sample was cooled from above T c to the lowest temperature in the applied field H c at a cooling rate of ≈ −25 K/min and the data were recorded while warming up the sample stepwise to T > T c . This temperature cycle corresponds to the FFCW procedure of the magnetization measurements. First, the resulting data were analyzed using a sum of three oscillating signals with Gaussian damping ("3-Gaussian" method) which has been shown to be a reasonable approximation of the data if the probed field distribution originates from an ordered (or weakly distorted) vortex lattice. 15 In this case, the muon-decay asymmetry which is proportional to the spin polarization is modeled by
Here the A i are the partial asymmetries of the three signal contributions, σ i the respective Gaussian depolarization rates, and B i the average fields of each of the fractions. The A i are common parameters for all temperatures whereas the σ i and B i are temperature-dependent. ϕ is the common initial phase of the muon spins with respect to the positron detector. The total decay asymmetry is A = A 1 +A 2 +A 3 and the second central moment of the corresponding field distribution is given by
where
is the first moment of the field distribution. Assuming the depolarization of the muon-spin ensemble is caused only by the inhomogeneous field distribution generated by the vortex lattice and random nuclear moments, then the contribution of the flux-line lattice to the second central moment is given by σ
, where σ 0 = 0.23(1) µs −1 is the muon-spin depolarization rate above T c ≈ 37 K in the normal state of the material. In order to further characterize the obtained field distributions also the dimensionless skewness parameter α ≡ ∆B 3 1/3 / ∆B 2 1/2 is calculated; it represents the lineshape asymmetry of P (B). 6, 10 Given the sum of Gaussian distributions, the third central moment can be written as
For the final interpretations within the above model, the assumption
ab (λ ab is the in-plane magnetic penetration depth) is essential. In order to test this assumption the data were also analyzed using an analytic Ginzburg-Landau (AGL) model. 18, 19 Here the spatial distribution of the magnetic field in the vortex state of a superconductor is modeled by the Fourier series
where r = (x, y), K are the reciprocal lattice vectors of a two-dimensional hexagonal vortex lattice, K = |K|, and K 1 is a modified Bessel function of the second kind. The parameter f ∞ representing the suppression of the superconducting order parameter due to overlapping vortex cores has been set equal to 1 (no suppression) in the analysis since the vortices are far apart in the low applied field used. The length ξ v is the effective vortex-core radius which is a variable parameter within this model. The field distribution P (B) probed by the muons is obtained by random sampling of B(r) and finally the muon-decay asymmetry is given by
(6) The Gaussian prefactor in Eq. (6) accounts for broadening of the field distribution by nuclear dipole fields as well as weak random pinning.
5 For the present data σ g is growing continuously from 0.45 µs −1 just below T c to 0.55 µs −1 at T = 1.6 K (cf. Fig. 4d ). The Fig. 4a ) reveals that for this set of data both parameters cannot be simply scaled to match in the full temperature range, yet, both curves show pronounced changes in their curvatures around T ≈ 13 K. The skewness parameter α is depicted in Fig. 4c . Below T ≈ 20 K α is virtually constant; the small differences in the absolute value of α between the various models are merely the result of effectively cutting off high-field contributions in the "3-Gaussian" analysis, thus leading to an overall smaller α which is less susceptible to minor effects in the "highfield tail" of P (B). One may note that the "3-Gaussian" analysis exhibits a strong drop and a sign change in α at T = 33(2) K. While such behavior usually is attributed to a melting of the vortex lattice, 6, 20 here the detailed temperature dependence of α is most likely an artifact of the fitting procedure involving three Gaussians for an almost symmetric field distribution slightly below T c . This view is supported by the fact that the irreversibility line in La 2−x Sr x CuO 4 at this low applied magnetic field tends to be much closer to T c .
21,22
However, it is most important to check the temperature dependence of B determined by the different analyses. Figure 4b shows B for the above described models as well as its values obtained by a maximum-entropy approach 23 which has the advantage that it is not tied to any model. For the maximum-entropy analysis an apodization with a Gaussian (σ apod = 1 µs) was applied to the asymmetry spectra. This leads to additional symmetric broadening of the determined field distribution but does not change B . The various analyses all yield qualitatively the same results: while the mean field is slightly diamagnetically shifted and approximately constant for T > 13 K, for T 13 K B strongly rises with decreasing temperature-even substantially above the applied field. Additionally, as shown in Fig. 4d , in order to explain the data ξ v obtained from the AGL fit would have to increase drastically in the same temperature range (cf. Fig. 4d ) whereas it assumes values between about 10 nm and 15 nm above T ≈ 13 K before it diverges close to T c . Since the magnetization measurements have revealed a change in the vortex dynamics at T ≈ 10 K and especially that the mixed state, generated in this initial µSR experiment, is far from being equilibrated it shall further be investigated if the increase in B , ξ v , and the second central moment of the µSR field distributions at low temperatures is related to those observations. For this purpose, additional µSR measurements have been performed. In a first step the single crystal has been cooled slowly in the applied magnetic field from above T c to finally T = 1.6 K with a cooling rate of −0.2 K/min while the measurements have been done at intermediate stable temperature steps lasting about one hour each (SFCC). Subsequently, the so generated "equilibrium vortex state" served as starting point for another series of measurements which have been conducted during the stepwise warming to above the critical temperature (SFCW). Figure 5 shows a comparison between the static field distributions obtained by the maximum-entropy analysis of the TF µSR data as well as selected asymmetry spectra for the different cooling procedures-the differences are only marginal. The further analysis with the above described models confirms this finding (cf. Figs. 6a-d and 7a-d) . Also, the determined field distributions presented in Fig. 5 agree well with the expectations where, e. g. given the model parameters obtained by the AGL analysis at the lowest temperature the "high-field tail" of P (B) should range up to 32 mT. The strikingly similar results for the different vortex configurations indicate that the µSR measurements at this small applied field mostly probe the local arrangements of the flux lines, rather than their long-range order. This is especially seen in the broadening parameter σ g which originally had been introduced in the model to take into account nuclear dipolar broadening and disorder of the vortex lattice. The temperature dependence of this parameter is almost identical for the different cooling procedures, even though the "vortex lattice" should be much more disordered and essentially not clearly defined in the initial FFCW measurement, thus strongly suggesting that the broadening of the field distribution is not just related to vortex-lattice disorder. The magnetization measurements do not yield any confirmation for an increased B due to the vortex lattice itself on the macroscopic scale-the applied field and the magnetization are constant below T = 10 K (cf. Fig. 1 ). Hence, it is unlikely that the sudden increase in ∆B 2 below T = 13 K-which is inevitably connected to the rising B -is related to an increase in superfluid density. Moreover, λ ab (0) as obtained by the AGL model with the freely varying parameters is as low as 160 nm which seems to be far too short for La 1.83 Sr 0.17 CuO 4 .
24,25 Furthermore, while the observation of the rather large effective vortex-core radius at 13 K < T < T c is in agreement with previous studies of La 2−x Sr x CuO 4 , where an expansion of the vortex cores has been found in a relatively low applied field, 26 the low-temperature values appear to be unreasonably large.
V. POSSIBLE EXPLANATION FOR THE OBTAINED FIELD DISTRIBUTIONS
The origin of the increase in the probed mean field, the second central moment of P (B), and the deduced effective vortex-core radius still remains to be clarified. As shown in Fig. 8 for the presently studied La 1.83 Sr 0.17 CuO 4 single crystal zero-field µSR measurements indicate a slightly enhanced spin depolarization at low temperatures-in accordance with the fact that the so-called "cluster-spin-glass phase" in La 2−x Sr x CuO 4 might exist up to a doping level of x = 0.19.
27 Therefore, a small increase in the width of the probed field distribution at low temperatures (T 3 K) could be expected, however, static magnetic phases accounting for the dramatic rise in B for T 13 K can be excluded from these data. The temperature dependence of B is strongly reminiscent of observations by µSR in Bi 2 Sr 2 CaCu 2 O 8+δ ; 28, 29 there in applied fields of 0.3 T to 0.4 T at low temperatures the mean field probed by the muons also grows substantially with decreasing temperature whereas in the higher field of 1.5 T the probed B equals the applied field. It has been argued that in low fields when the vortex motion "freezes" at low temperatures, the random sampling of the spatial field distribution of the vortex lattice is perturbed since pinning centers trap vortices and also offer possible muon stopping sites while at higher fields intervortex interactions dominate. 28 Of course, as already mentioned in Sec. III, it has to be considered that the vortex-lattice topology is different in La 2−x Sr x CuO 4 and the much more anisotropic Bi 2 Sr 2 CaCu 2 O 8+δ system. The observed changes in the mean field in Bi 2 Sr 2 CaCu 2 O 8+δ fall together with the transition from a "vortex liquid" to a "vortex solid"
6 whereas the melting of the vortex lattice in the present sample is much closer to T c as discussed above already. Though, especially in relatively low magnetic fields La 2−x Sr x CuO 4 shows a rich vortex-matter phase diagram where also in the solid phases the vortices are subject to thermal fluctuations. 30 Therefore, at high temperatures the vortices might "hop" thermally activated between different pinning centers which causes the muons only to be exposed to an average field [thus leading to a broadened but still asymmetric P (B)] while at low temperatures these thermal fluctuations are reduced and more muon spins precess in the high static fields close to the vortex cores which have a substantial effective size in the very low applied magnetic field. This could explain the observed positive shifts in the first moment and the second central moment of the measured field distribution. This view is supported by the magnetization data; The low-temperature measurement shows a more exponentiallike decay at small times and a slightly increased depolarization rate.
even though the relevant time scales differ in the µSR and magnetization measurements, the observed almost cooling-cycle-independent change in the vortex dynamics around T = 10 K in the magnetization data as shown in Figs. 2 and 3 seems to be correlated with the peculiar variations in the field distributions probed by the muons. Very similar to the data discussed here-although in higher applied fields-Harshman et al. observed an inflection point in the temperature dependence of the second central moment of the field distribution measured by TF µSR in a single crystal of YBa 2 Cu 3 O 7−δ .
31 Also there, the increase of ∆B 2 at low T was attributed to vortex-pinning effects which hence have been taken into account in the analysis. This analysis, however, does not provide an explanation for the increase in B as shown above. Therefore, instead of introducing pinning effects into the model for σ sc , in order to accomodate the possible enhanced correlations between the muons and the vortex cores in the analysis, the random sampling of the magnetic fields within the flux-line lattice is replaced by a phenomenological weighting function w Ξ enhancing the contributions of the fields close to the vortex cores to the resulting P (B). The two-dimensional spatial field distribution calculated using Eq. (5) is weighted by the (not normalized) Lorentzian
where r j represents the distance to the center of the vortex core j and Ξ is the inverse width of the Lorentzian. For the calculation three to six neighboring vortex cores are taken into account. The obtained widths of the weighting function are depicted in Figs. 4e, 6e, and 7e, respectively; above T = 20 K where P (B) is quite narrow, Ξ is strongly correlated with σ g but assumes generally small values, meaning that the fields are almost sampled randomly (Ξ = 0). For T 20 K, Ξ increases only modestly with decreasing temperature until T = 13 K below which temperature the vortex-core contributions to the overall field distribution grow intensely-consistent with the changes in P (B) observed during the previous analyses. On the other hand, B within this extended model remains essentially temperature-independent and slightly diamagnetically shifted with respect to the applied field (cf. Figs. 4b, 6b , and 7b, red circles), overall consistent with the magnetization measurements. Due to the only small diamagnetic shift of B and the scattering of the determined mean-field values it cannot be finally decided if the observed difference in the absolute magnetic moment (cf. Fig. 1 ) for the employed cooling cycles is reflected in B . (Please note that B in this case only refers to the mean field connected to the pure randomly sampled ordered vortex lattice, whereas the overall B of course is not independent of temperature as discussed before.) Also, as seen in Figs Figs. 4a, 6a, and 7a) . The cited uncertainties are of statistical nature only. Especially the value of λ ab (0) is subject to sizeable relative systematic errors of at least 5 % due to the phenomenological treatment of the vortex-pinning effects during the analysis. Nevertheless, the so determined value of λ ab (0) ≈ 200 nm agrees well with data found in the literature 24, 25 while it appears to be estimated much too short if a randomly sampled vortex lattice was assumed as discussed at the end of Sec. IV. It should be noted that the presented explanation for the observed field distributions might not be the only possible one-yet, the introduced phenomenological model describes all obtained data consistently even though up to now the weight Ξ cannot be fully related to the underlying quantities such as the pinning potential. Any other model would also have to be coherent and particularly it would have to provide an explanation for the temperature dependence of B . One such other possibility to explain the µSR data would be the presence of field-or vortex-induced antiferromagnetic order which would not be visible in the macroscopic magnetization measurements. This phenomenon has been reported to be present in cuprate high-temperature superconductors in applied fields of a few tesla by various techniques. [34] [35] [36] Yet, based on neutron-scattering results which indicate no ordered magnetic phase in low fields in La 2−x Sr x CuO 4 with such high doping level as used in the present study, Sonier et al. concluded from their µSR studies that only disordered field-induced magnetism is likely to occur in low applied fields.
37 Therefore, the presence of an ordered magnetic state can be excluded for the presently discussed data.
VI. DISCUSSION AND CONCLUSIONS
The TF µSR data presented in this work show a striking resemblance with data obtained earlier by Khasanov et 40 The conclusions of Ref. 14 are mainly based on the observation of an inflection point in the temperature dependence of the second central moment of the magnetic field distribution P (B) obtained by TF µSR measurements in the vortex state (like seen in Fig. 4a ), while the corresponding temperature dependence of the measured mean field has not been discussed at all. Our TF µSR data on La 1.83 Sr 0.17 CuO 4 are very similar, yet, the above presented analysis within the framework of conventional vortex-lattice-generated field distributions extended by vortex-pinning effects appears to describe the overall µSR and magnetization data in a coherent way. This is also in line with the suppression of the low-temperature increase of the second central moment of P (B) in higher applied fields 14 where inter-vortex interactions compete with vortex pinning and minimize its effects on the measured field distributions. And, while it seems to be a reasonable approach to model two distinct gaps if an inflection point in λ −2 (T ) is found (e. g. d x 2 −y 2 + s 41 or d x 2 −y 2 + ıd xy 42 ), the observation of the strong increase in the probed mean field B in the TF µSR measurements which is not observed in the magnetization measurements, renders it unlikely that the observed full second central moment of P (B) is a true measure of λ −2 at low temperatures. Moreover, it is pointed out, that the reported agreement between the obtained magnitudes of two-gap contributions from TF µSR and neutron crystal-field spectroscopy 43,44 is probably fortuitous since fundamentally different models were employed to obtain those values. While in the analysis of the TF µSR data the contributions to the superfluid density were treated to be additive (after the integrations over the Fermi surface), 14, 41 in the analysis of the neutron data the individual gaps are added together (before the integration over the Fermi surface) yielding effectively one pseudogap with an anisotropy |∆ a /∆ b | = 1 and shifted nodes. 45 Taking into account such an anisotropic superconducting gap in the modeling of the superfluid density would result only in tiny overall changes from the d x 2 −y 2 scenario since firstly, only the modulus of the gap is relevant and secondly, the integration over the full Fermi surface 32 averages out small effects. Therefore, in general, a small gap anisotropy in the sense of Refs. 40 or 45 cannot be excluded, however, its determination from magnetic-penetration-depth data is rather difficult and indirect.
In conclusion, using low-field TF µSR in the mixed state of a La 1.83 Sr 0.17 CuO 4 single crystal a strong increase in the probed mean field and the second central moment of the measured field distribution is found at low temperatures. By combining µSR and magnetization measurements it is shown that these effects seem to be primarily related to vortex-pinning effects changing the sampling of the spatial field distribution by the muons and that the data can be consistently described by taking into account a single energy gap in the quasiparticle excitation spectrum with d x 2 −y 2 symmetry. However, small variations of the superconducting order parameter cannot be excluded on the basis of the presented µSR data. Given this assessment, the extrapolated magnetic penetration depth λ ab (0) ≈ 200 nm agrees well with reports of earlier experiments. Furthermore, this article commemorates that TF µSR-in the way it has been employed for the present studyis first and foremost a very sensitive technique for the determination of local static or dynamic magnetic field distributions but the muon is neither a direct probe of the superfluid density of a superconductor in the mixed state nor of its order-parameter symmetry as also has been realized earlier. 46 Nevertheless, these parameters of a type-II superconductor can be deduced from TF µSR data in the vortex state if a coherent description of the determined field distributions is available.
